DNA within eucaryotic interphase nuclei and mitotic chromosomes is organized into topologically constrained looped domains ranging from 5 to 200 kilobases in length (3, 11, 35, 51) . DNA sequences that mediate chromosomal loop attachment can be identified by using an in vitro assay that localizes MARs (matrix association regions) within cloned cellular genes (8) . This approach can be complemented by a nuclear "halo" mapping procedure (31) which uses nuclear fractionation of endogenous sequences to identify scaffold attached regions (18) . It is significant that both assays identify the same fundamental class of attachment site sequences (8, 22, 36) . MARs (or scaffold attached regions) are A+T rich (ca. 70%), at least 250 base pairs (bp) long, contain topoisomerase II consensus sequences and other A+T-rich sequence motifs, sometimes reside near cis-acting regulatory sequences, are evolutionarily conserved, and their nuclear binding sites are abundant (>10,000 per mammalian nucleus) (1, 8-10, 18, 19, 22, 30, 32) . Such sequences have been identified in specific genetic loci in cellular DNA derived from human (6, 23, 47) , mouse (8, 10) , hamster (15, 25) , chicken (36) , Drosophila melanogaster (18, 19, 22, (30) (31) (32) , and yeast (1) .
Previous studies have shown that simian virus 40 (SV40) minichromosomes are associated with the nuclear matrix in infected cells (4, 34) . Furthermore, by using the nuclear halo mapping procedure, Prives et al. (38) have found that two specific regions in the SV40 genome mediate nuclear matrix attachment, independent of transcription or of whether the viral genome has been stably integrated into cellular DNA. Here, by using the in vitro assay we demonstrate that these SV40 sequences recognize the same evolutionarily conserved, abundant nuclear binding sites as those seen by cellular MARs. The major SV40 MAR resides within the large T-antigen gene, shares sequence similarity with cellular MARs, and contains topoisomerase II cleavage sites.
Initially we compared the matrix binding preference of linearized SV40 DNA with that of the MAR-containing mouse immunoglobulin K gene and the MAR-lacking pBR322. Since T antigen appears to be localized, in part, in the nuclear matrix (12, 46, 50) and is known to bind to the SV40 origin (48) , to simplify the interpretation of our results, * Corresponding author.
we decided to determine whether SV40 DNA would specifically bind to nuclear matrices of noninfected cells. Fragments were 32P end labeled and associated with matrices in the presence of increasing amounts of unlabeled Escherichia coli DNA, employing the standard competitive DNA binding assay used to identify MARs (8) . Figure 1A shows that matrices isolated from several mouse cell lines (8, 39) each preferentially retain both SV40 and K gene DNA fragments to a similar extent relative to pBR322. For example, under conditions where about 15% of the input SV40 genome binds, about 15% of the input K gene segment also binds, while less than 1% of the input pBR322 is recovered (Fig.  1A, lane 3) . We conclude that the SV40 genome specifically binds to nuclear matrices in vitro.
To localize the MARs within the SV40 genome, we performed additional binding studies. Figure 1B shows that the MAR resides on a 2,206-bp BamHI-TaqI fragment, which exhibits 5-to 10-fold-greater retention than the other BamHI-TaqI SV40 fragment (Fig. 1B, lane 1 ) (see map in Fig. 1G ). Further mapping revealed that the MAR resides on a 1,097-bp DdeI fragment (Fig. 1C) , a 766-bp Hinfl DNA segment (Fig. 1D) , and a 823-bp BstNI fragment (Fig. 1E ). As shown in Fig. 1G , these sequences each predominantly reside within the larger 2,206-bp BamHI-TaqI fragment and overlap one another by only 306 bp. Furthermore, the 306-bp BstNI-Hinfl fragment encompassing this overlap region also preferentially binds to matrices (Fig. 1F) 3 and 15% of the input probe was loaded in lanes 11 and 12, respectively. An autoradiogram of a 1% agarose gel is shown here and in panel B (27) . (B) Binding of BamHI-TaqI-digested SV40 DNA to MPC-11 nuclear matrices in the presence of a 104-fold excess of E. coli DNA (lane 1). As a reference, 3 and 15% of the input probe was loaded in lanes 2 and 3, respectively. (C) Binding of DdeI-digested SV40 DNA to MPC-11 nuclear matrices in the presence of 2.5 x 103-fold excess of E. coli DNA. As a reference, 10% of the input probe was loaded in lane 2. An autoradiogram of a 5% polyacrylamide gel is shown here and in panels D through F (27) necessary for the terminal stages of SV40 DNA replication, primarily at the decatenation step (43, 44, 54) . Therefore, since topoisomerase II in the nuclear matrices that we used could be responsible for binding the SV40 MAR, we decided to directly map the organization of topoisomerase II sites on SV40 DNA. Although Liu and co-workers have found that multiple topoisomerase II cleavage sites exist on SV40 DNA (26, 52) , the map positions and relative strengths of these sites with respect to the MAR remained to be determined.
We located the positions of topoisomerase II-mediated double-stranded DNA cleavage in the absence or presence of the antitumor drugs 4'-(9-acridinylamino)methanesulfonm-anisidide and teniposide (14, 26, 37, 49, 53 ). Topoisomerase II, purified from mouse L1210 cells (29) , was incubated with 32P-end-labeled SV40 DNA as described previously, and the resulting DNA samples were separated by gel electrophoresis (24, 26, 37) . As shown in Fig. 3 , DNA cleavage was greatly stimula ¶t.d by the drugs and occurred within the MAR (arrowed bracket) as well as elsewhere. However, because the enzyme cleavage specificity was influenced somewhat by the drugs, we decided to analyze only the cutting pattern obtained in the absence of these agents. As summarized in Fig. 4 , the highest density of topoisomerase II cleavage sites within SV40 occurred within the MAR between nucleotides 4000 to 4400. About 20% of the topoisomerase II cutting within the entire SV40 genome occurred within this region.
While the MAR is located in the region of the SV40 genome that contains the highest density of topoisomerase II double-stranded cutting sites, several other segments also exhibit prominent enzyme cutting (Fig. 4) . However, these other segments do not bind significantly to nuclear matrices (Fig. 1) . Thus, while major sites of interaction of topoisomerase II with SV40 DNA colocalize with the MAR, it is clear that interaction with this protein is not sufficient to specify matrix attachment, since other fragments bearing topoisomerase II sites are not recognized by the matrix. Furthermore, MARs have been observed to interact with matrices from nondividing cells (8, 10, 36 ) that appear to be deficient in topoisomerase 11 (16, 20, 21) . These findings agree with the previous conclusion that topoisomerase II Fig. 3 . DNA samples were separated on 1% agarose gels, and autoradiograms were analyzed by computer densitometry (24, 37 
